Schottky-barrier double-walled carbon nanotube field-effect transistors 
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We investigate electronic transport properties of Schottky-barrier field-effect transistors (FET) 
based on double- walled carbon nanotubes (DWNT) with a semiconducting outer shell and a metallic 
inner one. These kind of DWNT-FETs show asymmetries of the I-V characteristics and threshold 
voltages due to the electron-hole asymmetry of the Schottky barrier. The presence of the metallic 
inner shell induces a large effective band gap, which is one order of magnitude larger than that due 
to the semiconducting shell alone of a single-walled carbon nanotube FET. 

PACS numbers: 73.63.Fg, 85.35. Kt, 73.40.Cg 



Due to their special electronic and mechanic proper- 
ties, carbon nanotubes have become promising building 
blocks for fundamental nanoscale devices, such as field- 
effect transistors (FET)^^. Carbon nanotubes can be 
either single-walled (SWNT), double- walled (DWNT) or 
multi- walled (MWNT), depending on whether they con- 
sist of one, two or several graphene sheets wrapped onto 
concentric cylinders. Early attempt to fabricate room- 
temperature MWNT-FETs was not successful because 
of the large MWNT radii (about 10 nm) such that the 
band gap is comparable with the thermal energy at room 
temperature 3 -. Hence, experimental and theoretical in- 
vestigations mainly focussed on FETs based on semicon- 
ducting SWNTsM£&L£&I° i ILi2. A SWNTs is charac- 
terized by so-called chiral indices (n, m) and whether it 
is metallic or semiconducting is solely determined by the 
chiral indices^. These devices show many different prop- 
erties than the traditional bulk counterparts, due to the 
cylindrical shape and the one-dimensional character of 
the electronic band structure of SWNTs. For example, 
the lack of Fermi-level pinningi^, which plays an impor- 
tant role for the contact properties of bulk FETs, makes 
it possible to control the height of Schottky barriers in 
SWNT-FETs by using metals with different work func- 
tions. SWNT-FETs without Schottky barriers have al- 
ready been demonstrated 7 -. The effects of a Schottky bar- 
rier have been investigated both theoretically and exper- 
imentally in^i^ i 10 : 11 . As the band gap in a semiconduct- 
ing SWNT is inversely proportional to the tube radius 1 , 
FETs with different band gaps can be fabricated by using 
nanotubes with different radii. FETs based on SWNTs 
with small radii can be either p or ri-type 13 . Devices 
based on nanotubes with large radius exhibit ambipolar 
behavior— 

Properties of FETs based on DWNTs have not been 
fully explored yet. In the last two years, DWNT-FETs 
have been fabricate d 15 ' 16 : 17 ] 18 . Due to their larger radii, 
DWNT-FETs usually exhibit ambipolar behavior-I 5 -^! 1 - 7 .. 
So far, three distinct types of field-effect characteristics 
have been observed. These were attributed to the pos- 
sibility of having semiconducting and/or metallic inner 
and outer shells. In particular, of the devices which 
show FET behavior at low temperatures, only a part 
also shows such behavior at high temperatures 18 , which 



may be due to the presence of an inner metallic shell. 
In fact, it has been shown that the intershell coupling 
strongly depends on the energy and commensurability 
of two shells. For incommensurate DWNT, at low ener- 
gies, the intershell coupling is negligible 1 - : 20 ' 21 : 22 , while 
it becomes quite large at high energie s 20 ' 23 ' 24 . FET be- 
haviors are thus destroyed at high temperatures because 
the metallic inner shell can accommodate electrons which 
screen the outer shell. By using a two-ladder model for 
a DWNT with a semiconducting outer shell, a metallic 
inner one and a large intershell coupling, it was shown 
in Ref. 25 that the intershell coupling can induce a finite 
density of states in the band gap of the outer shell, which 
destroys the FET behavior. Because of the assumption 
of a large intershell coupling, the conclusions in Ref. 25 
are valid at high temperatures only. The same devices 
show FET behavior at low temperatures^ 8 -, which indi- 
cates that the intershell coupling becomes negligible at 
low temperatures. The effects of the metallic inner shell 
on the device properties at low temperatures, being ob- 
ject of this work, have not been evaluated so far. 
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FIG. 1: (color online) (a) Schematic experimental setup of 
a double-walled carbon nanotube (DWNT) field-effect tran- 
sistor (FET). A DWNT is connected with source and drain 
contacts. A gate is insulated from the DWNT by a dielectric 
material with dielectric constant e. (b) A theoretical model 
describing the setup in (a). The FET consists of a DWNT 
with a semiconducting outer shell and a metallic inner one. 
Only the outer shell is "end-bonded" to the source and drain 
contacts and the inner one is insulated from both leads. A 
cylindrical gate is deposited on the dielectric material sur- 
rounding the DWNT. 

Specifically, we investigate the electronic transport 
properties of a FET based on a DWNT with a semi- 
conducting outer shell and an incommensurate metallic 
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inner one at low temperatures (<C AE, where AE is the 
gap between neighboring subbands), in which case the 
intershell coupling can be neglected. As shown in previ- 
ous work a 19 i 20 ' 21 , the intershell coupling is negligible at 
low temperatures for incommensurate shells. Moreover, 
most semiconducting-metallic DWNTs are incommensu- 
rate. Within a model which incorporates a coaxial gate, 
the outer shell connecting to bulk electrodes and a metal- 
lic inner shell, we show that a Schottky barrier arises. 
Electron-hole asymmetry of the Schottky barrier causes 
the asymmetries of the I-V characteristics and threshold 
voltages. We also show that the existence of the metallic 
inner shell induces a very large effective band gap, which 
makes it possible to fabricate workable FETs based on 
DWNTs with quite large radii. 

A schematic experimental setup of a DWNT-FET is 
shown in Fig. [lja). A DWNT is contacted with source 
and drain electrodes and a planar gate is situated under- 
neath a dielectric layer with dielectric constant e. The 
model describing the device is schematically shown in 
Fig. [TJb) . The DWNT consists of a semiconducting outer 
shell and a metallic inner one. Experimentally, the metal- 
lic electrodes are typically evaporated on top of the outer 
shell. Hence we assume that the outer shell only is "end- 
bonded" with source and drain leads. As the shape of 
the gate does not change the FET characteristics qualita- 
tively^, to simplify the calculations we consider a cylin- 
drical gate deposited on a dielectric material with dielec- 
tric constant e surrounding the DWNT. As we focus on 
low temperatures, we only include the lowest valence and 
conduction bands of both shells. We assume zero inter- 
shell coupling and a ratio between the length and the 
circumference much larger than one. Hence, as shown 
in Refi2£, we can assume an equipotential surface of the 
metallic inner shell. The potential value Vj is related 
to the doping on the inner shell, which depends on the 
preparation conditions of the DWNT. Hence the inner 
shell acts effectively as another gate. We treat V, as a 
parameter in the following calculations. The device pos- 
sesses azimuthal symmetry, and hence the electrostatic 
potential felt by the electrons in the device, ip(z,p), de- 
pends only on the longitudinal coordinate z and on the 
distance p from the nanotube axis. It can be calculated 
by the Laplace equation in cylindrical coordinates, 
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with the boundary condition on the surface of the semi- 
conducting outer shell, (eVip — eoV^) n = — Q(z), where 
n is a unit normal to the surface and we assume that 
the dielectric constant between two shells is the same as 
that of the air, eo- The charge density on the surface is 
Q(z) = q(z)/2i:R with R Q the radius of the outer shell 
and q{z) the charge density on it. We set the source volt- 
age as the reference potential, that is, V s = 0. Then the 
boundary conditions are specified by the drain voltage 
Vd, the gate voltage V g and the potential on the inner 



shell Vi as 

<p(0,p)=-AW/e, 
<p(L, p)=V d - AW/e, 



<p(z, D g + R ) = V (j 



(p(z,R l ) = V, 



where e is the elementary charge and AW is the differ- 
ence between the work function of leads and the affinity 
of the semiconducting shell. The length of the DWNT is 
L, Ri is the radius of the inner shell and D g is the thick- 
ness of the dielectric material. We consider low trans- 
parency of the barrier such that carriers in the DWNT 
are described by the Fermi-Dirac distribution also for fi- 
nite bias. Without loss of generality we assume that the 
outer shell is not heavily doped so that it is an intrinsic 
semiconductor. Hence, the charge density q(z) on the 
outer shell can be calculated as 

q(z) = -el dE {v e {E,z)f e {E- l L )-v h {E,z)f h {E- l i )). 

(2) 

Here f e (E - p ) = l/(l + exp((E - p )/k B T)) is the 
Fermi distribution function with the temperature T and 
the chemical potential p, in the outer shell. The dis- 
tribution function of holes is fh(E) = 1 — f e {E). Fi- 
nally, v e (E) and Vh(E) are the densities of states (DOS) 
of electrons and holes in the semiconducting shell, re- 
spectively. The lengths of DWNTs used in FET devices 
are usually about hundreds of nanometers and hence 
are much smaller than the charge mean free path 20 . 
Therefore, we assume ballistic transport of both electrons 
and holes in the outer shell. The chemical potential is 
then given by p = —eVd/2. By using a tight-binding 
model for p z electrons in DWNTs 1 , with Fermi veloc- 
ity vf = 8.5 x 10 5 m/s, intrashell coupling 70 ~ 2.7eV 
and the carbon bond length ao « 0.14 nmi, the DOS of 
electrons and holes is then given by 



v e (E, z) 
Vh{E,z) 
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irfrvp ^/{E~- E c (z) + A)~ A 2 ' 
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with the step function 0(E). The gap between valence 
and conduction bands is 2 A = 7 ao/-R - The conduction 
and valence band edges are given as E c (z) = —eip(z, R ) 
and E v (z) = —eip(z, R ) — 2A. We solve the equations 
Eq. (TTJ and Eq. @ self-consistently to obtain the elec- 
trostatic potential <p(z, p). 

Under our assumption of ballistic transport, we use 
the Landauer formula to calculate the currents of both 
electrons and holes, which are given as 

I e = ^JdE G(E - E™)T e (E)(f e (E) - f e (E + eV d )), 
h = ^j dE ®(~ E + E™)T h {E){f h {E) - f h (E + eV d )), 

where T e (E) and Th(E) are transmission coefficients of 
electrons and holes, respectively. E™ 1 — min(E c (z)) and 
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(3) 



Ej~ = m&x(E v (z)) are the minimum of the conduction 
band edge and the maximum of the valence band edge, 
respectively. The total current through the device is 

I = h-Ie- 

There are two contributions to the total transmission of 
the charges. One is due to the contact barriers and the 
other is due to the Schottky barrier. We assume that 
the transmission coefficient due to the contact is very 
small, T c <C 1 (T c <~ 1CP 3 to yield currents observed 
in RefsJi ancU^). The total transmission coefficients for 
electrons and holes can be then calculated by using the 
WKB approximation and are given by 

T e (E) =r c exp(-|| J dz ^/2m e {E - E c (z))\y 
T h (E) = T c exp(-~| J dz y/2m h (-E + E v (z))^, 

where m e = mj, = 2ft 2 /9joaoR are effective masses of 
electrons and holes, respectively and T c is the transmis- 
sion coefficient due to the contacts. The integrations are 
performed in the classical forbidden regions for electrons 
and holes, respectively, for a fixed energy E. We set the 
transmission coefficients to be one if there are no classical 
forbidden regions. 

In the calculations, we choose a 200nm-long DWNT 
with outer shell radius R = 1.34 nm and inner shell ra- 
dius Ri — 1.0 nm. The thickness of the dielectric mate- 
rial is D g = 22.78 nm and its dielectric constant e = 3.9eo 
(as for SiC>2). The band gap of the semiconducting outer 
shell is 0.38 V corresponding to a (35, 0) shell. We assume 
that there is no doping in the DWNT and the chemical 
potential of the outer shell is at the mid-gap when there 
are no applied bias and gate voltages. We also choose 
that the difference between work function of leads and the 
affinity of electrons in the outer shell is AW = 0.19 eV, 
which is the height of the Schottky barrier for both elec- 
tron and hole when no bias and gate voltages is applied. 
The bias voltage is V s d — — Vi, where the source voltage 
is grounded. The calculated I-V s d characteristics with 
different gate voltages V g at zero temperature are shown 
in Fig. HJa). Here, we assume that the inner shell po- 
tential is Vi = V. Under positive bias voltage the to- 
tal current is mostly contributed by the electron current 
while at negative bias voltage the hole current dominates. 
We find an electron-hole asymmetry of the I-V charac- 
teristics. The threshold voltages shift with gate voltages 
and the amount of threshold shifts has also electron-hole 
asymmetry. This can be explained by the electron-hole 
asymmetry of the Schottky barrier, as shown in Fig.^b) 
and (c). Similar asymmetries of I-V characteristics and 
threshold voltages have also been observed in SWNT de- 
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vices*«i. 

Because the DOS in a metallic shell is much smaller 
than that in a semiconducting shell, the chemical po- 
tential of the inner metallic shell of a DWNT may be 
significantly changed by doping while the chemical po- 
tential of the semiconducting outer shell may be still at 
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FIG. 2: (Color online) (a) Calculated zero temperature I-V s d 
characteristics of a DWNT-FET with different gate voltages: 
V g = V (dashed line), V g = 0.4 V (solid line), and V g = 0.8 V 
(dot-dashed line). The DWNT has an outer shell with radius 
R = 1.34 nm and an inner one with radius Ri = lnm. Its 
length is L = 200 nm. The inner shell potential is Vi = V. 
(b) and (c): Band diagrams of the conduction and valence 
band edges of the semiconducting outer shell in two configu- 
rations indicated by two crosses in (a). The dot-dashed line 
denotes the chemical potential in the outer shell. Two short 
thin solid lines show the chemical potentials in source (left) 
and drain (right) leads, respectively. 



the mid-gap. Therefore, we consider the transfer char- 
acteristics of the same device with different inner shell 
potentials, as shown in Fig. [3] The bias voltage is fixed 
to be V s d — 0.05 V. The inner shell potential only shifts 
the threshold gate voltages. The transfer characteristics 
of a SWNT-FET with the same radius as the DWNT 
outer shell, R = 1.34 nm, is shown in the inset of Fig. [3] 
Since the band gap of a semiconducting shell only de- 
pends on the radius, the SWNT has the same band gap 
as the outer DWNT shell. We find that the metallic in- 
ner shell has great influence on the transport properties 
of DWNT-FETs even if the intershell coupling vanishes. 
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FIG. 3: (Color online) Transfer characteristics of a DWNT- 
FET with a constant bias voltage V 3 d = 0.05 V but different 
inner shell potentials: V; = V (solid line) and Vi = —0.04 V 
(dashed line). The remaining parameters are the same as 
those in Fig. [2] Inset: Transfer characteristics of a SWNT- 
FET with radius R — 1.34 nm, which is the same as the outer 
shell radius of the DWNT. 



The threshold gate voltages of the SWNT-FET are of 
the order of the band gap, but are one order of magni- 
tude smaller than those of the DWNT-FET. Therefore, 
the DWNT-FETs behave like SWNT-FETs with much 
smaller radius, that is, with larger band gap. This is 
due to the existence of the metallic inner shell acting 
like another gate. Because the distance between the in- 



ner and the outer shell (about 0.34 nm) is much smaller 
than that between outer shell and the gate (about tens 
of nanometers), the potential in the outer shell ip(z,R ) 
is almost "pinned" by the potential in the inner one Vi. 
As Vi is fixed, a very large change of V g is needed in or- 
der to change a small amount of tp(z, R ). Therefore, the 
threshold gate voltages are much larger than the band 
gap. On the other hand, the potential in a SWNT is not 
"pinned" and can be varied quite easily by the gate volt- 
age. Hence the threshold gate voltage in SWNT-FETs 
is of the same order of the band gap. We also expect 
that the threshold gate voltages in DWNT-FETs with 
two semiconducting shells are also of the same order of 
the band gap because the potential is not "pinned" . 

In conclusion, we investigated electronic transport 
properties of FETs based on DWNTs with a semicon- 
ducting outer shell and a metallic inner one at low tem- 
peratures. DWNT-FETs shows asymmetries of the I- 
V characteristics and of threshold voltages due to the 
electron-hole asymmetric Schottky barrier. The poten- 
tial of the outer shell is almost "pinned" by the potential 
of the inner one, which results in a large effective band 
gap of the outer shell. This latter fact can be of big 
relevance for carbon- nanotube based electronic devices. 
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